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ABSTRACT 


Recent and anticipated advances in microelectronics presage a 
drastic reduction in the per-gate cost of circuitry when arranged in 
the form of a cellular array. The numerous engineering advantages of 
a cellular array have been described and justified by a number of 
authors. This thesis is mainly concerned with cellular logic arrays 
which can realize an arbitrary combinational switching function or an 
arbitrary synchronous sequential machine. The basic cell is a switch- 
ing device with two inputs, two outputs and two control variables X 
and T. The cell structure is either purely combinational or with unit 
delay depending upon the control variable T. The control variable X 
sets up either a "crossing mode" or a "bending mode" in the cell. 

Thus a two dimensional cellular array without time delays has the con- 
nection capabilities of a crossbar switch. Any combinational switch- 
ing function can be realized by appropriate choice of control vari- 
ables while the inputs to the edges of the plane are fixed. Alter- 
natively, the control variables can be fixed while the inputs to the 
edges of the cellular plane are varied from function to function. A 
cubic array is constructed from a set of identical cellular planes 
packed one upon the other such that the control variables applied to 
the first plane will penetrate to all other planes without time de- 
lay. It is shown that any K functions of the same variables can be 
synthesized on such a cubic array. By allowing the control variable 


T to delay some signals in the array, such a cubic array can be used 
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to realize any synchronous sequential machine with single or multiple 

inputs and/or feedback functions. Any defective cell in the array can 
be tested and isolated. The array can be stripped, divided, or inter- 
connected. 

A Rectangular sorting array is also described which is well 
adapted to realization by large-scale-integrated semiconductor tech- 
nology. Each cell contains one flip-flop representing one digit of 
the binary coded word. Thus an array of dimensions MxN stores M words 
each of length N binary digits. It is shown that the file of M words 
can be sorted by pulsing the array approximately M/2 times. The 
largest or the smallest word can be read out from the file. With some 
additional circuitry lying external to the main array, the array can 
be used as an addressed, a pushdown, or a buffer memory. Finally, the 
array presents another isolated example in which feedback is used in 
the combinational circuitry. Some complex-cell sorting arrays are 


also described. 
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CHAPTER 1 
INTRODUCTION TO CELLULAR LOGIC 


This thesis is concerned with the analysis and design of some 
cellular logic arrays. The majority of them are of recent origin primar- 
ily from the impact of large-scale-integrated semiconductor technology 
in circuit design. In the past logical designers have constructed 
digital circuits with individual components such as resistors, capaci- 
tors and transistors. Such a circuit is termed a discrete circuit. The 
recent and anticipated advances in microelectronics promise a large 
quantity of interconnected components on a single wafer. This is com- 
monly referred to as an integrated circuit. If the chip circuitry is 
arranged in the form of a cellular array, a number of advantages can 
be achieved. Some of them are circuit standardization, higher packing 
density, reduced wiring cost, easier fabrication, greater reliability 
and easier testability. The relation of cellular logic to batch fab- 
rication is discussed in the next section. Sections LD 2eendeissoeive a 


review of existing combinational and sequential cellular structures. 
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1.1 Batch Fabrication 

Fig. 1 shows the ideal way of fabricating identical integrated 
circuits on a single silicon wafer by the process of photo-masking, 
etching and crystal growing [1]. These techniques will not be dis- 
cussed here. However, we will discuss two different functional reali- 
zation schemes. In fig. 1(a), the identical circuits are separated, 
attached in different packages and then interconnected in a particular 
fashion to obtain the required function. An example of this is the 
NAND or NOR cells realization of a combinational switching function. 

Fig. 1(b) illustrates the batch fabrication technique for in- 
tegrated circuits in which the functional realization is based on cell- 
ular logic. In this case, the duplicated circuits, i.e. cells, are 
uniformly interconnected according to some chosen regular fashion. 
Note that the duplicated circuits are not separated and, therefore, 
no packaging and re-assembling of the cells is required. The entire 
wafer is packaged as one module. The appropriate inputs to the edges 
of the array specializes the desired function. In some cases, each 
cell is provided with one or more external inputs. These are termed 
input parameters or cutpoint invuts. All these inputs can be taken 
to the terminals of the module through a deposit Conductor which forms 


an integral part of the module. 


1.2’ Combinational Cellular Structures 
A cellular array consists of 1-, 2-, or 3-dimensional arrange- 
ment of cells interconnected in a regular fashion. Here we will re- 


view some of them briefly. 
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Fic. 1, Fabrication methods for conventional and microcellular integrated circuits 


A. Single-Rail Cascade 

The simplest possible cellular structure can be obtained by 
cascading 2-input l-output cells as shown in fig. 2. Each cell can 
produce one of three functions xy, xty, x#y, where x,y are the in- 
puts to the cell. The test for cascade realizability and the number 
of realizable functions have been discussed by Mukhopadhyay [3]. 
Fig. 2 shows the synthesis of the function. 

PUEDES, Gy eae ae bey GPs 

The theory of the single rail cascade has appeared in a number of 
Papers. (2444, 5,8ONe/,30]-1 The vanious problems related tokinea single 
rail cascade are 
1) To test for cascade realizability 
2) To minimize the length of cascade 
3) To determine the number of realizable functions 

The first two problems have been solved by Sklansky [4], Levy 
et al. [5], Minnick [2] and Weiss [6]. Stone [7] and Sklansky et al. 


[8] have enumerated the functions realizable by a single-rail cascade. 


B. Multiple-Rail Cascade 

The single rail cascade is logically incomplete, i.e., there 
exist switching functions that can not be realized by such a cascade. 
It is possible to increase the logical capabilities by making the 
cascade multi-railed. Fig. 3 shows the realization of a combinational 
function F = x1 Xo X3 a xy Xx), se X> X4 x), using a two-rail cascade. 


The two-rail cascade is logically complete [3]. The various 


problems related to the two-rail cascade are 
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FIG. 2. A SINGLE-RAIL CASCADE 
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FIG. 3. A TWO-RAIL CASCADE 
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1) To determine an upper bound on the number of cells in a two-rail 
universal cascade. 

2) To minimize the number of functions that must be produced in a 
typical cell. 

3) To minimize the number of cells needed for the synthesis of a com- 
binational switching function. 

An approach to the first two problems is due to Short [9]. 
The third problem is still an open one. The theory of multi-rail 
cascade to synthesize a set of combinational switching functions has 


been studied by Elspas [10]. 


C. Two Dimensional Cellular Arrays 

Two dimensional cellular arrays can be categorized on the 
basis of whether they are fixed cell-function or variable cell-func- 
tion arrays. In the fixed cell-function arrays, the function pro- 
duced by each cell is fixed. The cell parameters (i.e., cutpoint in- 
puts) are used to modify the interconnection structure. In the var- 
iable cell-function arrays, the interconnection structure and the 
cell functions are determined by the input parameters. It should be 
noted that the fixed cell-function arrays can be interpreted as the 
variable cell function arrays. 

In the fixed cell-function arrays, the combinational switch- 
ing function is decomposed into a non-cellular tree of some fixed 
cell-function. The tree is then embeded into a rectangular cellular 
structure by the proper choice of input parameters. The input parameters 


define the interconnection structure which can be represented by a 
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graph. The properties of this graph and some NOR-NAND function arrays 
have been studied by Spandorfer and Murphy [11]. Majority or minority 
gate arrays also fall in the same category. These arrays have been 
studied by Short [12], Canaday [13, 14], Amarel, Cooke and Winder [15]. 
A simple fixed cell-function array known as the adder array is illu- 
strated in fig. 4. The array produces all the min-terms in three var- 
iables Xp» Xo and X3 An arbitrary combinational switching function 
can be realized by collecting the appropriate min-terms in a cascade, 
each cell of which can produce one of the two functions ytz, y, where 
y,2 are the inputs to the cell. The array was proposed by Kautz and 
Minnick in 1962 and was further studied by Minnick and Short [16]. 

The well known representatives of variable cell-function 
arrays are the Maitra Cascade [17], Minnick's cutpoint cellular arrays [2] 


and Cobweb arrays [18]. 


D. Three Dimensional Cellular Arrays 

There has been no work done on three dimensional cellular 
arrays for the synthesis of combinational switching functions. In the 
next chapter we will develop a simple cubic array for the synthesis of 


a set of combinational switching functions. 


1.3 Sequential Cellular Structures 

Any multiple-output combinational array in conjunction with 
. unit delays (exterior to the array) can be used for realization of an 
arbitrary sequential behaviour as shown in fig. 5. This is commonly re- 


ferred to assingle stage realization. Single feedback realization is 
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possible in the sense described by Arnold et al. [19-21]. We will dis- 
cuss these realizations in the third chapter. In all these arrays, 
State assigment is made without any restrictions. Minimization of the 
number of cells or the size of the array on the basis of proper state 
assignment has been developed by Ferrari and Grasseli [22]. However, 
no systematic method is available for minimization of the number of 


cells or total array size. 


In the next chapter, a new cell model is proposed and its 
properties discussed. The basic cell is then used to construct uni- 
versal logic arrays for realizing an arbitrary n variable combina- 
tional switching function. Some sequential cellular structures using 
the same basic cell are described in Chapter III. Chapter IV is self- 
contained and presents some sorting arrays suitable for implementation 
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CHAPTER 2 


COMBINATIONAL CELLULAR STRUCTURES 


In this chapter we propose a new cell model and then construct 
some combinational cellular structures [30]. A universal logic array 
is defined, which consists of the basic cells interconnected in a reg- 
ular fashion, that is capable of realizing every combinational switch- 
ing function of n variables. Several methods for constructing univer- 
sal logic arrays are described, where the functional specialization is 
achieved either by varying the input parameters of each cell or by 
changing the edge inputs to the array. Two modified versions of the 
basic cell yield interesting and efficient edge fed universal logic 
arrays. The problem of interconnecting, dividing, stripping and 


fault-detecting of these arrays is also discussed. 
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22 ioe The Basic Cell 


The basic cell is a switching device with two inputs, two out- 
puts and two control variables. The inputs, y and Z, the outputs, fi 
and fos and the control variables, T and X, are all assumed to have 


logical values of O and 1, The functional capabilities of the cell 


can be best described by the following logical equations: 


£,(t) = X(t).Z(e-T) + X(t). y(e-7) | 


ey Gon 80. C8) yA CHE) ee X(t).Z(t-T) J 


One way of implementing such a cell is by the circuit shown in 
fig. 6(a) It consists of two unit delays and four identical S- 
switches. Each S-switch in turn consists of two AND gates and one OR 
gate as shown in fig. 6(b). First consider the output of the switch 
Sy which is given by 


Ss, (t) = T.y(t) + T.y(t-1) 


jie Ur ee OE S, (t) = y(t)§ and if T = 1, S, (t) = y(t-1). Thus 


the output of the switch Sy is either the current value or the unit- 


delayed value of the input y depending upon whether T= 0 or T= 1. 
A simple expression to represent this is 
S,(t) = y (t-T) 


Similarly, S, (t) = Z(t-T). The outputs of the switches S., and 


S, can now be seen to be £, and f, respectively. 
From now on we will neglect the internal structure of the cell 


and represent the cell model as shown in fig. 7. Under the control of 


T and x, the cell will perform the logical operations illustrated in 


; =a 
“00 ows exsugn ows isi apdtyal par ae ad ain 
pt qaauqaae of , \y buoy tant ed? ainhdnt tw mee. - 
winton benvana Mo ote (hae T entselinew tesa atthe oe | 
Las ofr Go. sotitisiages fepoliaond dt tT bow Oo weiter teongok 
sqnotiaups featyet galeoliet adi q¢ badioeeb Jeat aihaee 

(f- dye + (38 (= Che See 


- 
© 
JZ 
- 


~.]. | _—r 
[ (im ayS.CHE 4 COR = GP 
ad Hwoile 4tastko sda yd 21 Heoww die yobireeslgqet 36 Gee _ ; 
- ‘® 
«2 Chetiasts: re6) be eYdton ttno! der To oteheker BT «COS 
: oe 
40 sao bao Baiee OVA ows to eretends ina nr desiwe-% aval -songgiue 


doulwe ott Io tug3s0 Sid spblonon deiht «Ce «gh? at works — ve 
1 ae 
tier & Oy. Fa (3) 2 Twn 
G 
ae 
~ahmr sd3 16 s05ov drvvsus oft xelthe a2 (8 dodtue ot Yo swqeeo BEF) 
f= 20 0 eT yeMderw onqu gotbhegeb y digit oo to selav taveled'l 7 
ot ahd’ ihewetqes of cotsesrqee slquke 2 7 
(T-d)y * C9,8 
bow {8 enilosive sit Yo. eduqive ‘tt PIS + (ade , qhvmtemme 
| vLoviagagees 1 bin gD ad at omen of wom ans 
Lien att to ead20ure Lerragct ond doblger Dity ew ao womwoxt 9) 
Bo dwvians eile tbbalt «1 gi al nwoie’na Labom Lites sil 


ead? .{I-3)0 = (3) ,2 l= 7 Ub bon . (37% = €3) 2 2 <3 33 


» 4 


tes, 


Fy (t)= 
x(t)-y(t-T) 


So (t)=T- mn — 
+T-z(t-l)=z(t-T) +x(t)-z(t-T) 


ep ial) Soe iy our am tT Ebel td bos alias) 


(a) INTERNAL STRUCTURE OF THE CELL 


(b) THE S- SWITCH 


FIG. 6, IMPLEMENTATION OF THE BASIC CELL 
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fig. 8, where [p] represents a unit delay. 

Eq. (1) indicates that when T = 0, the outputs of the cell are 
functions of inputs and controls without time delay. The cell cir- 
cuitry behaves in a purely combinational fashion and can be used to 
realize a combinational switching function. In this chapter, we will 
omit T and represent the cell model as shown in fig. 9. The logical 
operations of a cell under different combinations of inputs and con- 


trols are illustrated in fig. 10. 


2.2 Two Dimensional Cellular Arrays 

Here we describe some two dimensional cellular arrays for re- 
alizing an arbitrary combinational switching function. A cellular 
plane is composed of identical cells arranged in a rectangular or 
square grid. Each cell receives two inputs, one from its left neigh- 
bour and the other from the cell immediately above it. Likewise the 
two outputs of the cell are connected to the two cells immediately to 
the right and below. The external inputs to the cellular plane are 
inputs to the cells of the left-most column and the top row while the 
outputs from the plane are those from the cells of the right-most 
column and the bottom row. We will also assume that we have access 
to the control variables of the cellular plane. Furthermore, when 
dealing with a cellular plane we will omit inter-cell connections and 
represent the cellular plane as shown in fig. ll. 

If the inputs and "controls of the cellular plane are tied to 
0 and 1, a particular configuration of information flows is obtained 


in the cellular plane. For example, one possible configuration in a 
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FIG. 9. MODEL OF A CELL WITHOUT DELAY 
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3 x 3 cellular plane is shown in fig. 11. Each cell is in a "crossing 
mode" or a "bending mode" [29] respectively. Thus, once all controls 
are fixed, the information flows in the network will not interfere. 
Fig. ll also shows that the input 1 applied to the left of the top left 
corner cell will pass through the plane and exit from the right-most 
cell at the bottom edge. Similarly, the input 1 applied to the top 


centre cell will exit trom thei top irieht celly 


A. Calculation of Outputs 

Any output will be 1 if and only if there is a logical 1 input 
at the edge of the plane and there is a path connecting this input 
lead to the output lead. Such a path is termed a l-path. If the con- 
trol variables are changed, a different configuration of l-paths is 
induced in the cellular plane. Thus, knowledge of the inputs to the 
cellular plane and the control variables of all cells allows calcula- 
tion of the output by searching through all possible l-paths. The 
example of fig. 12 will be used for illustration. Since the upper cell 
has an external input of 1 and there is only one l-path from it 
through the top row to the output lead for Fy which is induced when 
A=1, B=1andC=0. We find that F, = ABC. Similarly, F, = ABC. 


i 2 


For Fy, there are 6 possible l-paths as indicated by dotted lines. 


Thus F,(A,B,C,D,E) = ABCDE + ABCDE + ABCDE + ABCDE + ABCDE + ABCDE 


B. Interconnection of Arrays 


It can be easily verified that if inputs to the cellular plane 


are complemented without changing the control variables, the function 
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FIG. 11. INFORMATION FLOWS IN AN ARRAY 
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FIG. 12. FINDING THE OUTPUTS OF AN ARRAY 
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synthesized at the output lead is also complemented. The proof follows 
from the fact that any input combination of control variables induces 
one and only path connecting some input lead to the output lead. In- 
terconnection of arrays can now be easily visualized. Assume that 
realizations of two separate functions F and G have been found to be 

M, and Mo. Fig. 13 shows how the functions F, FG, FG, F+G and F+G 
can be realized. In fig. 13,a value inside a rectangle is the control 


output for all the cells within that area. 


C. Dividing of Arrays 

An array can be divided for realizing two or more independent 
functions. The method is to apply a logical 0 control to cells ona 
line parallel to the diagonal. These cells serve as a rebounding 
border and keep the information flows local to the regions. Fig. 14 
illustrates the effect of dividing of an array. Fig. 15 displays re- 


alization of two functions F and G on a cellular plane. 


D. Stripping of Arrays 


Applying a logical 1 control to a cell will have the effect 
of stripping that cell from the array. The cell will be set to "cross- 
ing mode" and hence the inputs to the cell will pass through it with- 
out any deviation. A similar argument indicates that a column (or row) 
can be stripped by applying a logical 1 control to all cells on the 
column (or row) as shown in fig. 16. This property will later be used 


to isolate a defective cell. 
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FIG. 15. REALIZATION OF TWO FUNCTIONS ON A CELLULAR PLANE 
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E. Universal Logic Arrays 
(1) Fixed Inputs 

Any combinational switching function can be decomposed along 
its variables. For example, a function F of two variables C and D can 
be expressed as 


F(C,D) = CFO + CF. 


where 

Fo = F[1,D] 

F- = F[0,D] 

mn and Fe are the reduced functions of F with respect to C 
and C respectively. If a, = Fc and a, = Fa» then the array shown in 


fig. 17 is a universal array for two variables. Note that the inputs 
to the cellular plane are fixed and independent of the function being 
synthesized. 

A universal array for three variables can be built by annex- 
ing two universal arrays of two variables. Let 

EB>C 0) 2 BE + BFS 


and 


ih BC 
O = Fae 
O35 = Fas 
0, = Fic 


Note that a, = O31), D or D forj/Il i= 1,2,3,4. Thus, any func- 


tion F of three variables B,C and D can be realized by the cellular 


plane shown in fig. 18. 
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F(C,D) 


FIG. 17, UNIVERSAL ARRAYS FOR TWO VARIABLES C AND D 


v F(B,C,D) 


FIG. 18. UNIVERSAL ARRAY FOR 3 VARIABLES Banc andsD 


F (A,B,C,D) 


FIG. 19. UNIVERSAL ARRAY FOR 4 VARIABLES A, B, C, AND D 
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A similar argument leads to a universal logic array for four 
variables as shown in fig. 19. The array is composed of two universal 
logic arrays for three variables. 

This method of constructing universal logic arrays can be 
extended recursively to functions of n variables. In general, any 
Boolean function of n variables can be realized by a cellular plane 


=i = 
pT wp a Reduction of array size is possible if 


of dimensions 2 
the upper right corner of the array realizing Fxy and the lower left 
corner of the array realizing FE can be overlapped, or the sizes of 


the arrays realizing Fxy and/or FRy already have been reduced. Fig. 


20 illustrates some possible cases. 


(II) Fixed Control Variables 

So far in our universal logic arrays, we allow only the con- 
trols to the diagonal cells to change for realizing different func- 
tions. It is possible to keep the control variables fixed and vary 
the inputs to the edges of the array to realize different functions. 
Thus we obtain another class of useful array configurations. Fig. 21 
shows the universal arrays for three and four variables by the fixed 
control variable method. 

This method can be extended easily to n variables. The in- 
puts to the cellular plane, which are the reduced functions of F with 
respect to n-1 variables, are ordered by appropriate choice of con- 
trol variables. If M is a universal lonie array for n-l variables 
KyXy—— 7 9X then the universal logic array for n variables 


Ky »X_7~— 5X is constructed in the manner shown in fig. 22. In general, 
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F=AF, +AFa 
Aor mV O SUB-ARRAYo. OVERUAPPED 


ORG 1 0 bi 2. 0 © 
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v F=AF, + AFR 


CASE 2: SUB-ARRAYS ALREADY REDUCED 


FIG. 20. REDUCTION OF ARRAY SIZE 


r F(A,B,C) 


FIG. 21. UNIVERSAL ARRAYS FOR 3 AND 4 VARIABLES 


F(A,B, C,D) 


FIG. 22, n VARIABLES UNIVERSAL ARRAY 
BULLT FROM UNIVERSAL ARRAY FOR n-l 
VARIABLES 
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an n-variable universal array will have dimensions pure X gn=2 and 


total size of g2n-4 cells. 


(III) Edge Fed Arrays 

Some edge fed arrays [24] can be easily derived from the 
fixed control variable method. The cell circuit remains almost the 
same. The control variable is fed to the cell diagonally (figs. 23 
and 24). We will consider two modified versions of the basic cell. 

The first modified version of the basic cell is shown in 
fig. 23. The same figure also displays edge fed universal logic 
arrays for two, three and four variables. While the controls are fed 
along diagonal lines, the inputs to the cellular plane remain the re- 
duced functions of F but appear in an unordered fashion. This tech- 
nique of constructing universal logic arrays can be extended to any 
number of variables. In general, a universal logic array of n vari- 


n-2 xX 7) ae cells. 


ables will require 2 
Another version of the basic cell which leads to useful edge 
fed array configuration is shown in fig. 24. Universal logic arrays 
for three and four variables are also illustrated in the same figure. 
This method of constructing universal logic arrays is not efficient 
for larger number of variables. 
An interesting and efficient edge fed universal logic array 


for four variables is shown in fig. 25. Here F is given by 
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F(A,B,C,D) 


A MODIFIED CELL MODEL, AND EDGE-FED UNIVERSAL 
ARRAYS FOR TWO, THREE, AND FOUR VARIABLES 
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F(A,B,C,D) 


OTHER VERSION OF CELL MODEL AND EDGE-FED 
UNIVERSAL ARRAYS 
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FIG. 25. A UNIVERSAL EDGE-FED ARRAY FOR 
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+ a, [ABCD + ABCD + ABCD] 
+ a, [ABCD + ABCD + ABCD] 


+ a, [ABCD + ABCD] 


Note that the expression for F contains all the vertices. 


Moreover, the vertices are divided into six disjoint sets V,,V,----,;V 


Lietz 


For input ay (I = 1,2----,6) equal to 0,1 or some variable; none, all 


6° 


or a proper subset of the corresponding set Vy of the vertices can be 
selected. This technique of constructing efficient arrays fails for 
larger number of variables. 

The edge fed arrays can also be implemented using the basic 


cell of section 2.1. 


2.3 Cubic Cellular Arrays 

A cubic cellular array is composed of identical cellular 
planes packed one upon the other such that all controls applied to the 
first plane will penetrate to all other planes without time delay. 
This feature enables us to realize a set of functions over the same 
arguments at the same time. This property will later be used in the 
realization scheme for an arbitrary synchronous sequential machine 
(Chapter III). Here we will describe some other interesting features 


of a cubic array when used as a combinational network. 


A. Universal Cubic Array 
The fixed control variable method described previously can 
be used to realize a set of combinational switching functions on a 


universal cubic array. Each cellular plane of the cubic array will 
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synthesize one function. Thus any K functions of the same n variables 


can be realized with a cubic array of dimensions K X 2 2 


B. S-O-P and P-0O-S Synthesis 

Sometimes a logical designer is faced with a problem of real- 
izing a function of (say) twenty variables. It may become tedious to 
find all the vertices in the function. Instead the function may be 
expressed in sum of products (S-0-P) or product of sums (P-0-S) form 
and then realized by an array. We will use the cubic array to realize 
a function expressed in either form. Each plane of the cube will syn- 
thesize a product or a sum term. Fig. 26illustrates the realization 
of a function expressed in sum of products form. The function F syn- 
thesized is 

F = ABCD + EFIJ + ABGH 


In fig. 26, the first plane realized F, = ABCD at its upper- 


al 
most row. The outputs from the rest of the plane are neglected. The 
first row of the second plane is stripped (see 2.2D) by applying 

input 1 to the left edge of the left-most cell and to all the cells 

on the top edge. The term F, = EFIJ can then be synthesized from the 
second row of the plane. A similar argument holds for the third 
plane. The summation is performed over the fourth row of the fourth 


plane.jJp Realization of a function F = (A+B+C+D ) (E+F+1+J) (A+B+G+H) 


expressed in product of sums form is shown in fig. 27. 
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Fy=A+B+G+H 
= ABGH 


FeF,+F,+F, 
= ABCD+EFIJ 
4th PLANE + ABGH 


3rd PLANE 


FIG. 26. CUBIC ARPAY REALIZING SUM-OF-PRODUCTS 
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2.4 Fault-Testing 


A major problem faced by LSI circuit designers is that of 
fault testing. A number of authors have investigated this problem 
[2,25,26]. The most common method to detect and locate the fault is 
to generate sensitized paths and then route the signals from one edge 
through the path to the other edge of the array. Correct functioning 
of all the cells of the array allows proper routing of the signals. 
However, if a cell is faulty on the path, the input signals will not 
be transferred correctly to the output lead. The path is then 
shortened by one cell at a time until the faulty cell is located. 

In this section we follow a similar technique developed by K.J. 
Thurber [25]. First we describe a procedure to test the array and 
then the consequences of failure of any cell. Once the faulty cell is 
located, it can be isolated from the array by means of stripping process. 
To test the array, it is sufficient to ensure proper operation 
of the two modes of all the cells. The paths through the top right 
corner cell are of minimum length. Thus it will be convenient to test 
the top right corner cell and then move fromcells on one diagonal to 
the next diagonal. We will assume the array is of dimension (2ym) 
The test procedure in the absence of faults is as follows: 
Step 1: Set all controls of the cellular plane to 0. All the cells 


will be in bending mode. 


Step 2: Vary the inputs to the cells (1,m) and (1,m-1), and observe 
the outputs at the right edges of the cells (1,m) and (2,m) 


respectively. Correct outputs indicate that the top right 
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corner cell is functioning properly in the bending mode. 
Change the control of the top right corner cell to 1 and re- 
peat the test. This time, the output leads get interchanged, 
i.e., the output leads of the cells (1,m) and (2,m) become 
transparent to signals placed on input leads of the cells 
(1,m-1) and (l,m) respectively. This tests the crossing mode 
of the top right corner cell. Switch back the control of the 


top right corner cell to 0. 


To test the next diagonal cells (1,m-1) and (2,m), vary the 
inputs to the cells (1,m-2) and (1,m-1), and observe the re- 
spective outputs at the right edges of the cells (3,m) and 
(2,m). Repeat the test, changing the control of the diagonal 
cell to 1, one at a time. Every time the control of a diag- 
onal cell is changed, the output leads get interchanged if 
the cells are functioning properly. Control of the diagonal 


cells can now be switched back to 0. 


This procedure continues for subsequent cells until the com- 


plete array is tested. 


In the presence of failures, a particular path will not trans- 


fer correctly the input sequence to the output lead. We must conclude 


that at least one cell on the path is faulty. To locate the faulty 


cell the path will be shortened by one cell at a time. We will 


first make the following assumptions to simplify the procedure. 
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1. Any failures which occur are constant with time. The problem of 
intermittent failures is neglected. 

2. Only one cell on the path is faulty and, moreover, the output of 
only one gate is stuck to 0 or l. 

3. No buses or interconnections have failed. 

In Fig. 28, assume that a cell on the path PQRST is faulty. 
To locate that cell, first change the control of cell F to 1. Vary 
the input at P and observe the output sequence at the bottom edge of 
cell F. If the output sequence corresponds correctly to the input 
sequence, we conclude that the switch Sy, in cell’ is faulty. An in-= 
correct input/output correspondence indicates that either the switch 
Sy in cell F is faulty or the input sequence to the cell F is itself 
incorrect. Now change the control of cell D to 0 and repeat the test, 
this time the output lead is the right edge of cell D. If input/out- 
put correspondence is still incorrect, cell F is perfect and we should 
proceed to test the path PQRS. If we observe a correct correspondence, 
we conclude either the switch Sy in cell F or the switch 83 in cell D 
is faulty. In this case, either of the two cells can be isolated from 
the array by the stripping process. 

If the test reveals that a cell Cis should be isolated from 
the array, a fixed logical 1 control is applied to all cells on the 
T-th row and J-th column. This strips off the I-th row and the J-th 
column and results in a smaller array (fig. 29). 


The above procedure can also be used to locate multiple 


faults on a path. We will assume that the output of only one gate is 


ko tug2uo sit ,x9rouTbn. bow, eaten dgaq 39 Wo pieo ame pre i“ 
<hix0 10:09 spade ab sag ma te 7 0 
— ebekhed ‘sa Metapnyesptet 10 wawud OM ES 

Vituad of TAAPL desg sad ae tian i sais aens , a8 ,aS ghd we 


yey <1 04.7 Dfeo Sb foxsnos: it squint cart? .tteo sadg esapel of 


to Saba mossod ada In vondupea issu aiid avaande: bie { Js arqat eds 

duqet ait 02 ylsosrta9 ebnoqeition sonsup% Jbesut ao “ leo 
“ni aA 3. ytiveal - %, Lise ok ae Hodige 9632 gant shalonds sv soreupea 
foatwe edd sadtais ano moteaiint bonebragitss 362 wate \a0gat dseT109 | 
Yieewl 2b T Itso s3 03 gonsuiet Iqak eld x0 -eifwss at VY thas ak ? | 

(féey edd Yanges bas Coa O tien Fo Ievdhos wild agnedo wok ,doeTz0nnd 

—jguo\Suqn? It .d ifeo Io aghs ritg hfs eb bool tuqavo ofy ambo whda 
bigodd sv bas doctaeg ert Les ~fostzoond Lite et eohebeqeertos sq 
somebauges7i0n Joos oviakdd ow SI 2a djbq ot Jeez 08 bessorq = 
@ Igo ab 5¢ dotiwe of 10 T-Lise. ak 1° Hogiwa wid gadite sbylomag, -<) 
mot? berslant od ns? alten ows st3, 29 aperhe nemna aide at re 
simon, bqgiaze als qd Carre a8 
mort begalons od bluoda ae Litas Eins atnuyes jos wie WT 
ola ‘Re alles Bev, bok idadhaiancta bout? & en 


#24 ods to ‘a or yhese aban 
a a“ sare 


FIG. 20. 


FIGAG,29. 


DETECTING A FAULTY CELL 
ON A PATH 


ISOLATING A CELL 


38 


|. a " 


ee 7 - 


iio Picks a onITsTaG «82.084 
witay AiO =” 


ag 


stuck to 0 or 1 in any of the faulty cell on the path. Since the path 
is directed, the test procedure will locate the fault nearest to the 
origin of the path. For example, in fig. 28, assume that cells A and 
F are faulty on the path PQRST. The test procedure will indicate that 
cell A is not functioning properly in its bending mode. All the cells 
on the row and column through this cell are set to control 1. This 
isolates the defective cell from the array. The path PRE is now con- 
structed by applying proper controls. The test procedure now applied 
to the path PRT will detect the fault in cell F. The cell can then be 


isolated by the stripping process. 


2.5 Comparison 

In this section we will compare our array with different cell- 
ular structures proposed by other authors. The comparison could be 
based on various design parameters such as growth rate, the number of 
cutpoint inputs, the number of edge inputs to the array, complexity of 
the cell and interconnection structure and many other electrical and 
geometrical parameters compatible with a given technology [3]. Some 


of these parameters are listed below. 


(I) Growth Rate 
A typical expression for d(n) is 


n n-1 
- pee ae 
d(n) n[C.2 + C,2 a] 


where d(n) is the number of cells in a universal logic array 


of n variables, C_, Cj--- 9 are all constants. As n increases, the 
fo) n 


n 
number of cells becomes approximately Cjn2 . This latter quantity is 
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termed the growth rate. A typical 


arrays found by Minnick [1] is Cn 


(II) Input Connections 

Since the number of input 
affects the cost of that array, it 
comparison. Note that there could 


the array which are independent of 


inputs can be provided at the time 


CDED) ss Cutpognte inputs 
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growth rate for reetangular cellular 


on 


terminals on an array strongly 

forms an important parameter in the 
be fixed logical constant inputs to 
These 


the function being realized. 


of fabrication of the array. 


In all these arrays, we need external inputs to each cell to 


perform cutpoint operation. Since 


the cost of implementing such an 


operation depends upon the number of cutpoint inputs, it must also be 


considered in the comparison. 


(IV) Inter-Cell Connections 
Another 
arrays on LSI is 


measure for this 


the number of inter-cell connections. 


factor which affects the cost of implementing these 


A vealistic 


is the number of paths into or out of a cell. 


With these parameters under consideration, the combinational 


cellular arrays of this chapter are compared with those proposed by 


other authors [Table I]. 
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CHAPTER 3 


SEQUENTIAL CELLULAR STRUCTURES 


This chapter deals with sequential cellular structures using 
the same basic cell [30]. The synthesis procedure is analogous to the 
one developed by Arnold et al. [19-21]. Here we will not discuss 
their realizations but point out the basic difference. In their 
scheme, all the modules are delayed logic modules and the resulting 
realization is in the form of a tree pattern. To realize sequential 
machines with multiple inputs and/or feedback functions, the modules 
are modified by addition of more inputs and more combinational cir- 
cuitry. However, the modules still remain delayed logic modules. In 
our module, the delay can be introduced or cut off by setting the 
value of control variable T. It will be interesting to see how this 
simple cell structure can be used to realize an arbitrary synchronous 
sequential machine. For simplicity, we will start with binary input - 
binary output machines and then extend the technique to machines with 


multiple inputs and/or feedback functions. 
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3.1 Definite Machines 


Given a definite machine My with state table shown below, we 


note that the output is the set of states S S, and So. eLetrs 


eran 7 ijk 
denote the set (S55 on s,) and Si 5n SY) denote that the machine is in 


Stateus.. o2 OF so.) ace time: t. 
ai! j k 


From the state table of M)> we find that the machine enters 


the state set S167 if it was previously in S 


or in 53456 with present input l, i.e. 


36 with present input 0 


Zi cet a(t )S, Le CesL) e+ x(t)8,,(t=1) 


Table 2 


- 


Sete = 
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Expanding the sets 83156 and S46 in terms of the previous sets, 


we have 


S4,(t) = x(t)S4(t-1) x(t) Shy, SCe-1) 


145 
S3y5¢(t) = x(t)S,4¢7(t-1) + x(t)S1,.(t-1) 
and 


Si45(t) = x(t)S, (t-1) + x(t)S, (t-1) 


> 


S5567(t) = x(t) Sy (t-1) tt) Satta) 


where "A is the null set and S_ is the set of all states of the mach-’ 


fi 
ine. A realization of M, is given in Fig. 30, where 3h is represented 


Dyaa, logtéal 0 and S_ by a€®logical 1. 


AL 
The synthesis procedure described above can be applied to any 
definite machine. In general, an arbitrary binary input - binary out- 
put definite machine can be realized using one cellular plane of the 
cube. Moreover, for an n-state machine, since the memory is at most 


n-1, an upper bound to the number of cells required is one x ae 


3.2 Regular Machines 

An arbitrary binary input - binary output synchronous sequen- 
tial machine will in general require some sort of feedback. The re- 
alization scheme may employ either a single feedback function with 
finite memory or multiple feedback functions with unit memory 2% 


These realization schemes will be illustrated with the help of an 


example. 
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FIG. 30 REALIZATION OF M, 
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(I) Single Feedback Realization 


The machine M, is here used as an illustrative example. The 
machine happens to have finite memory with respect to input and out- 
put. Thus the output function z can be used as a feedback function. 


The state table and expanded flow table [23] for M, are shown below. 


Table 3 
State Table and Expanded Flow Table of M, Using 


Single Feedback Realization Scheme 


State Table of M, Expanded Flow Table of Machine M. 


Using the technique of Arnold et al [20], we have 


Z(t) = S.,(t) = X(t)S, 5, (t-1) + x(t)S, (t-1) 


2 


= 
Let ijk 


: i of the previous sets, we have 
resenting the sets 51> S324 in terms 9) ; 


denote that S,, S., and Sy. are DON'T CARE entries. Rep- 
1 J 


cn 
8, (t) = x(t)2(t) [S, (t-1) + S354 (t-))] + 


* 
x(t)z(t)[S, (t-1) + S,(t-1)] + 


* 
x(t)2(t)[S, (t-1) + S, (t-1)] + 


* 
x(t)z(t)[S, (t-1) + S54, (t-1)] 
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S394 (t) = ¥(t)2(t)[8,(t-1) +S), (t-1)] + 
x(t)2(t)[S)5,(t-1) + (t=) ] - 
x(t)2(t)[8,(t-1) + si (t-1)] i 
x(t)2(t)[S,(t-1) + $53, (t-1) 1 


Choosing the DON'T CARE entries so that it will make the prev- 


ious sets either equal to S, (t-1) or Skate we then have 
S(t) = X(t)2(t)Sp(t-1) + X(t)2(t)[s,(t-1) + 8 (t-1)] + 
x(t)z(t)S, (t-1) + x(t)z(t)S,(t-1) 
SEA) Ds x(t) z(t), (t-1) + x(t)z(t)S, (t-1) + 
x(t)2(t) [8 (t-1) + $5 (t-1)] + x(t)2(t)s, (t-1) 


Successively, we have 


s,(t) + Sa(t) = X(t)2Z(t)[S,(t-1) + s]),(t-1)] + 


Bt j\zlensettaiD #8 (t-1)] ‘, 


W) 
x(t) Z(t) [S,(t-1) + Sia, (t-2)] ii 


x(t)z(t)(S,(t-1) + S534 (t-1)] 


x(t)z(t)S, (t-1) + x(t) 2(t)S4 (t-1) + 
x(t)z(t)S, (t-1) + x(t)2(t)S, (t-1) 

* = = * 
S,(t) + 8, (t) = x(t)2(t)[S4(t-1) + S49, (t-1)] + 
z(t)2(t)[$,,(t-1) + sy, (t-1)] “i 


oa * 
x(t)z(t) [Sq (t-1) + S,(t-1)] + 
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x(t)2(t)[S,(t-1) + st (t-1)] 
= x(t)2(t)S4(t-1) f a(Cjett) s(t Lt 


x(t)z(t)S, (t-1) + x(t)z(t)S, (t-1). 


) $ 


A realization based on the above equations is shown in Fig. 
31, where only one cellular plane is required. This is true for all 
finite memory machines. For machines which do not have finite memory, 
the feedback function must be properly chosen. In some cases, split- 
ting up of states will be required, as discussed by Friedman [23]. The 
realization will then require two cellular planes, one for the output 
and the other for the feedback function. 

For single feedback realization, the memory wu has been found 
[23] to be 

2log,n oe [log, (log,nt1) ] +1 


This puts an upper limit to the number of cells required of 


faible’ 2n,4 


2u-1 ee fing, 


Da Kee? 2 


where n is the number of states of the machine. 


(II) Single Stage Realization 


Another way of realizing a machine is to use more feedback 
functions such that the machine will have a memory of 1. We choose a 
set of feedback functions in such a way that the input together with 
feedback functions can identify the states of the machine in one stage. 
In this case, the output can be expressed as a combinational function 


of the present input and the previous values of the input and feedback 
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functions. Machine M, will again be used for illustration. The feed- 
back function f together with the output function z can identify each 
state of the machine. The state table and expanded flow table are 


shown below. 


Table 4 


State Table and Expanded Flow Table of M 
Using Single Stage Realization Scheme 


Staten lablemor My 


or 
a 
noes val payee : 
meu’ = 
a a 


ae 


Using the same technique as in single feedback realization, we have 
Z(t) = S45(t) = x(t)S,5,(t-1) + x(t)S, (t-1) 
f(t) = S4,,(t) = x(t)S,,(t-1) + x(t)S,,(t-1) 


S404 (t) = x(t)2(t)£(t)S,4(t-1) + 


* 


x(t)2(t)£(t)[S,(t-1) + So, 


(t-1)] + 


x(t)2(t)E(t)[S,,(t-1) + 5, (t-1)] in 
x(t)2(t)£(t)(S,(t-1) + S54, (t-1)] i 


x(t)z(t)£(t)S,(t-1) + 


$ 


x(t)Z(t)£(t)[S,(t-1) + $334, (t-1)] i 


x(t)2(t)F(t)s, (t-1) + 


x(t)z(t)£(t) [S, (t-1) + § 


* 


234-1) ] 


Se) x(t)2(t)£(t)8, (t-1) + 


x(t)z(t)£(t)S, (t-1) + 


0 


x(t)z(t)£(t)S, (t-1) + 


) 
x(t)2(t)£(t)[S,(t-1) + Si53¢t-1)] Hy 


x(t)z(t)£(t)S, (t-1) + 


> 
x(t)z(t)£(t)S, (t-1) + 
x(t)2(t)£(t)S, (t-1) + 


x(t)2(t)£(t)[S,(t-1) + S34 (t-1)] 
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S,,(t) = x(t)2(t)£(t)S, (t-1) 4 

%(t)2(t)£(t)[S4(t-1) + 81, (t-1)] + 

x(t)z(t)£(t)S, (t-1) + 

x(t)2(t)f(t)S, (t-1) + 

x(t)2(t)E(t)[S5,(t-1) + $15 (t-1)] + 

x(t)2(t)£(t) [Sy (t-1) + S}4,(t-1)] + 

x(t)2(t)£(t)S, (t-1) a 

x(t)z(t)£(t)S, (t-1) 


0 
S,5(t) = x(t)z(t)£(t)S, (t-1) + 


W) 

x(t)z(t)£(t) Sp (t-1) + 

#(t)2(t)E(t) [8 (t-1) ni S34, (t-1) ] a 
E(t)2(t)£(t){S,(t-1) + $193(t-1)1 A 
x(t)2(t)E(t)S, (t-1) + 
x(t)2(t)£(t)S, (t-1) + 
x(t)2(t)E(t)S) (t-1) + 

* 

x(t)z(t)£(t)[S, (t-1) + $53, (t-1)] 


Wherever possible, the DON'T CARE entries are used or neglected 


to make the previous set S, or So respectively. The realization of M, 


I 


- based on these equations is shown in Fig. 32. Note that we require two 


cellular planes of the cube to realize z and f. 
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In general, for a machine of n states, the number of feedback 
functions is at most m, where auak <n 7 Es Thus, any binary input - 
binary output synchronous sequential machine can be realized with a 
cubic array of (m+l1) planes. The number of cells in each plane will 
be 


gmtl |. omtl _ ,2m+2 < iene 


An upper bound to the number of cells required will be 
2 2 
(mt1) x l6n” = [log,2n] Lon 


where [x] means the smallest integer larger than or equal to x. 


3.3 Multiple Inputs, Outputs, and Feedback Variables 

The technique used above can be extended to machines with mul- 
tiple inputs, outputs, and feedback variables. Let a machine have in- 
grrteZne Let fi ofa--+ sf, be the 


feedback functions such that the machine has finite memory with respect 


puts Xp oXooeee KX, and outputs Z4 02 


to inputs and feedback functions. The synthesis procedure will be as 
follows: 


(1) Express every output and feedback variable in terms of all pos- 


sible combinations of inputs and previous state sets. 
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(2) Express every S5 obtained in the previous step in terms of all 
j 
possible combinations of inputs, feedback variables, and previous 


state sets (except those which are hs or Sy already). 


Sills OR kre ey, (t-1) + 


j jy 
ig se Eis eee (t=1) + 


Jo 


x, (t)--==x, (t) Ey (E)—--£, (tS, (t-1) 
Jr 

where r = 2 . 

For each com in the above equation, if it is not =A or Sy» then 

it will contain the DON'T CARE entries. 


(3) Repeat step (2) until all ALt. are either) S? or SP f for alleizj 


> I? 


and k. 


The above procedure will always terminate because the machine 
memory is finite. Fig. 33 shows the schematic realization of a 
sequential machine with n inputs, m outputs, and k feedback functions. 
Every output or feedback function is realized by one plane of the cube. 
The feedback functions are then used as part of the control variables 
to the array. In Fig. 33, inputs to the array are not shown because 
they vary from machine to machine. Constant control variables as well 


as 0 values of T are also omitted from the figure. 
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T=] 


FIG. 33. REALIZATION OF A SYNCHRONOUS SEQUENTIAL MACHINE 


CHAPTER 4 
SORTING ARRAYS 


This chapter presents some sorting arrays suitable for implemen- 
tation on large-scale-integrated semiconductor technology. One of these 
arrays is discussed in detail and its performance compared with the one 
developed by W.H. Kautz [31]. It is shown that, with a slightly more 
complex cell, the array has a number of advantages over Kautz's array. 
At the same time, it presents an example in which feedback is used in. 
the combinational circuitry. The most interesting property of the array 
is that the roles of "smallest" and "largest" are embeded in the same 
array. Thus, in the array described in this chapter, the largest or the 
smallest word can be read out from the file. With some circuitry lying 
external to the main array, additional facilities are incorporated. 

Some of them are masking, addressing a particular position in the file, 
shifting the file up or down and using the array as a pushdown or a 
buffer memory. Finally, some complex-cell sorting arrays using the 


same concept of feedback are described. 


4,1 The Basic Logical Array 

First consider the two-dimensional cellular array shown in fig. 
34. The array is composed of identical combinational logic cells with 
three inputs and three outputs. The signal flow is unilateral in the 
horizontal direction and bilateral in the vertical direction. It is 
assumed that the inter-cell leads can carry positive as well as nega- 
tive integral numbers. The combinational circuitry of a cell operates 
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FIG. 34. CELLULAR SORTING ARRAY 
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under the same number system. The functional capabilities of the cell 


can be best described by the following logical equations. 


Xo = Min[X,,¥, 525] 
Pa a cee Ee eel al (2) 
Zo = Max[X,5¥ Zr] 
Where XY) and Zr are the inputs to the cell, and XG 2% and 
Z, are the outputs of the cell as shown in fig. 35. 


6) 

Thus the cell contains comparison circuitry which accepts the 
three inputs, compares their relative magnitudes and generates the 
proper outputs. The outputs Xo and A represent the smallest and the 


largest of the three inputs X_,Y. and Z, respectively. The output Y 


ia ft f 0) 


is the middle value. 

The boundary inputs to the cells on the top and bottom edges 
of the array are permanently connected to the largest and the smallest 
possible numbers (relative to the set of numbers to be sorted) re- 
spectively. We will denote these respective numbers by Max and Min. 
The inputs to the left-most column constitute the set of numbers to 
be sorted. The numbers are partially sorted at each column of the 
array. The larger numbers move up while the smaller numbers are 
forced downward. If the number of columns is sufficiently large, the 
outputs of the right-most column of the array represent the complete 


ordering of the inputs entered from the left. 


Theorem 1: A column of the cellular array composed of the basic cells can 


determine the largest and the smallest of a given set of 


numbers. 
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Assume that the left inputs to the column are connected to the 
given set of numbers. The boundary inputs to the 

top and bottom cells of the column are Max and Min respectively. 
First we will show that the signals on inter-cell lines must 
lie between Max and Min. If possible, assume that a number 

S > Max continues to stay or appear intermittantly on some 
inter-cell line. Since each output of a cell originates from 
some input after a small time internal E. (inertial delay in- 
troduced by the cell circuitry), we conclude that there must 
be a loop in the column along which S flows. This means S is 
an output of some cell on X line which contradicts eq. (2), 
since S is greater than the left input to the cell. Similarly, 
it can be shown that a number S < Min can not continue to stay 
or appear intermittantly on any inter-cell line. 

The inputs Max and Min to the boundary cells are re- 
turned on Z and X lines respectively. Consider the largest 
number input to the column at Ith cell from the top. If I=1, 
this number exits from the right edge of the top cell. If 
I > 1, this number, being the largest input to the cell, is 
bussed to Z line. It moves up until it reaches the top cell 
and then exits from the right edge. A similar argument sug- 
gests that the smallest input number will move down and exits 
from the right edge of the bottom cell. Thus the largest and 


the smallest numbers are obtained from the right edges of the 


top and bottom cells respectively. 
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Theorem 2: A set of M numbers can be sorted using at most K columns 


[PTeeYovie © 


of the arrays; where K =5 if M is even and K = 2S itfeMeis 


odd. 


Let us consider the next largest number input to the same col- 
umn (Theorem 1) at Jth cell from the top. If J < I, this nun- 
ber will exit from the right edge of the same cell. If J >I, 
this number will move up until it reaches the Ith cell. It 
exits from the right edge of the Ith cell provided that I > 1. 
However, if I = 1, this number, being the smallest input to the 
top cell, is reflected back on X line and then exits from the 
right edge of the second top cell. Thus the next larger numbers 
could move up in the same column of the array. Hence the num- 
ber of columns required to sort a set of numbers depends upon 
their relative positions at the inputs to the array. Intui- 
tively, if the set of numbers are in the reversed order at the 
inputs to the array, the number of columns required will be 
maximum. In such a case, the first column will determine the 
largest and the smallest numbers of the given set of inputs. 
These numbers are obtained from the right edges of the top and 
bottom cells respectively. All other numbers will pass straight 
through the column. Similarly, the sorting capability of the 
second column will carry the second largest and the second small- 
est numbers to the right edges of second top and the second bot- 
tom cells respectively. Hence this set of M number will be 


M*, 
sorted in K columns of the array; where K seh leey if Mis even, and 
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M- 
K -t if Moisvodd. 


Fig. 36 displays signal flow in such an array for a 
set of inputs. In the first column, the largest and the 
smallest numbers are carried to the right edges of the top and 
the bottom cells respectively. Also the second largest number 
9 finds a path up to the right edge of the second bottom cell. 
All other numbers pass straight through the column. Similarly, 
the signals in the second column can be determined. The sec- 
ond largest number 9 moves up and exits from the right edge of 
the second top cell. Consider the signals on intercell lines 
between the two top cells. The signal on Z line can not go 
below 9, since there is an input 9 (from bottom) to the second 
top cell. Also the signal on Z line can not go above 10, since, 
in that case, the input number 10 (from left) to the top cell 
will move down and, being the largest input to the second top 
cell, is reflected back. This forces the signal on Z line, 
hence in the loop, to return to 10« The outputs on the right 
edges of the neighbouring cells will change temporarily during 
this transition, but do stablize as soon as the signal in the 
loop reaches an equilibrium state (9 or 10). Finally, the 
signals on intercell lines between the two cells can oscillate 
between 9 and 10. This case is possible if the signals on X 
and Z lines are initially 9 and 10 respectively and they ex- 
change their positions after every time interval Eh. However, 


it still does not affect the outputs on the right edges of the 
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FIG. 36. SIGNAL FLOW IN AN ARRAY 
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neighbouring cells. The presence of the loop between the two top cells 
indicates that there is a feedback in the combinational circuitry which 
leads to oscillations or multiple equilibrium states. Thus, in fig. 36, 
(X,Y) indicates that the signal on that line can either oscillate be- 
tween X and Y, or remain constant at any integral level between X and Y. 
However, these oscillations or multiple equilibrium states do not affect 


the outputs of the column. 


4.2 A Rectangular Sorting Array 
We will now describe an array which behaves analogously to the 
one developed by W.H. Kautz [31]. Fig. 37 illustrates (a) the main 
array (b) a typical cell and its logic equations. To understand the 
proper relationship between this array and the basic logical array re- 
quires viewing the whole array of Fig. 37 as a single column of Fig. 34. 
The numbers are encoded into conventional binary system with 
the most significant digits at the left ends of the words. Negative 
numbers are represented by two's complementation. An additional digit 
1 or 0 is placed at the left end of the word depending upon whether the 
number is positive or negative respectively. The number representation 
for four-digit words is illustrated in Table 5. Note that this par- 
ticular number representation facilitates comparison of numbers in any 
row of the array. Sorting with other number representations is possible 
in the sense described by Kautz. However, those representations require 


‘interconnection of subarrays or additional circuitry external to the 


main array. 
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FIG. 37. CELLULAR SORTING ARRAY. 
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FIG. 37 (CONTINUED). (b) A TYPICAL CELL 
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Fig. 37(b) (Continued) 


The cell logic equations are 
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In the above equations yyy (t) and Youy (ttl), where y(t) repre- 


the state of the flip-flop at time t. C is the clock. 
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TABLE 5 


Number Representation 


Number Binary Number Binary 
Representation | Representation 
0 1000 = | 0111 
1 1001 =) 0110 
2 1010 ae) 0101 
3 1011 -4 0100 
4 1100 -5 0011 
5 11011. -6 0010 
6 DG =) 0001 
7! sib Eh a9 0000 


Each cell of the array contains one flip-flop representing one 
digit of the word. Thus any row of the array stores one word Yy with 
the least significant digit on the right edge of the array. The words 
Xx, and Zy are represented by the corresponding xy and Zy lines enter- 
ing the row. If the words are of maximum length n binary digits, the 

, n-1 n-1l 
boundary inputs to the top and bottom rows are 2 -1 and -2 respec- 


tively. The input terminals on the right hand side of the array are 


connected to the logical signal 0. 

Sorting with this array is performed in the time-domain. The 
circuitry of each cell consists of three majority. gates each associ- 
ated with one horizontal line. The chain of n majority gates along a 
row allows the comparison of two numbers, say Xy and Yr. The carry 
generated in the left-most cell indicates whether X, is less than Y 


mi ri 
or not. The words Xo) and Z5 are compared in pairs. The carries 
generated in the left-most cell are connected back to the lines (6), 
(5) and (4) of the same row (external to the array). The signals on 


these lines should force the largest number upward and the smallest 


number downward while the digits of the middle number should appear 
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at the inputs of the corresponding flip-flops of the row. The func- 
tional capabilities of the cell required to perform the above task 


are shown in Table 6. 


TABLE 6 


Interconnection Code and Output Cell Functions 


Interconnection Code Relative Magnitudes 


of Numbers 


Output Cell 
Functions 


0 0 0 Xp2Y9Y 722752 ,2%) - - - 
0 0 y Xyp2Y,5¥ 5225 52,<ky 24 Yr Xr 
0 1 0 2 Sed EPR NY rd © Yr ace Za 
0 it 1 X,2Y, 51,52, 527%, Yr zy Xr 
uf 0 0 X SY) 5¥ 522752 ,2%) Xr zy Yy 
il 0 1 ESE rey SE. Za xe Yr 
1 1 0 X1<¥p0¥y<Zz 2.2K, x i Zz 
1 in 1 XK <Yp5Y}<27 525%, Z+ Xr Yr 


Note that an y(t) and Voie y(t+l1), where y(t) represents 


the state of the flip-flop at time t. From now onward the signals on 

the feedback lines (6), (5) and (4) of a row will be termed the inter- 
connection code in that row. The interconnection code 000 (X, = Ys = 

Z1) leads to optional entries in the output functions of the cell. 

The case X<Yypo YpSZ7 9215, is not possible. The reason for particular 


entries in the output functions corresponding to the interconnection 


code 111 will be discussed later. 


> 
_ 


7 
i | 
5 


Fe Suga shape 
r rt fF 12S TE 
° pe? ax preqhagh preatert 
re A oT LEE fh? Be MyPage 
AEE AE Tall I wt oT ek cad 
i * ° ae 
x oS, re phay pry 
en See 2 i fn reg 


~ @ «© 6 » & & olf 


aneenovgoy (yy ousity thia)y = gy bun (ry =e sede SOK . 
ro pieants ee a lppehaniceie 
pit al ph oe ane 


70 


The logical equations for a cell can be derived from Table 6 
and are shown in fig. 37. Assuming that the combinational circuitry of 
a cell follows these equations, then on occurrence of the clock pulse, 
the digits appearing at the inputs are stored in the corresponding 
flip-flops of the row. The new file is a partial ordering of the old 
file. Thus the file of M words can be sorted in approximately M/2 
sorting cycles. 

We will now discuss the performance of this array and its 
advantages over Kautz's array. We will assume that the file is already 
loaded but not necessarily sorted. 

1) To read out the words in order of their size, largest to smallest, 
feed the min (minimum possible word 00---0) from the top and carry 
out the sorting cycle repeatedly. During each cycle, the next 


larger word will be read out from the top while the min is stored 


somewhere in the file. The read out cycle also allows partial order- 


ing of the words if the file is previously not sorted. If the 
words are desired in opposite order, a similar process can be car- 
ried out from the bottom. The word fed from the bottom will be of 
maximum size (11----1). 


2) Write-read can be carried out simultaneously. In this case, the 


number to be inserted in the file is fed from the top and the sorting 


cycle executed. The word is written somewhere in the file while 
the largest word is read out from the top. 

3) The largest and the smallest numbers can be read out simultan- 
eously while two numbers are being inserted in the file. 

4) A search for all numbers Y2X) can be conducted in a simple manner. 
The number Xy is fed from the top and the sorting cycle is executed 


repeatedly until the word Xy is returned. The word Y read out 
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during each cycle satisfies the relation Y 2X, - Similarly, the words 
y2x, can be read out from the bottom. 
5) Unlike Kautz's array, our array does not require external registers 
and their additional programming. Consider the registerless operation 
in Kautz's array. First, it is not even possible to clear the file. 
This is due to the fact that if Min is fed from the top, it passes through 
all the rows and exits from the bottom. The file of words remains un- 
changed during each sorting cycle. Second, if the largest word is desired, 
a single 1 must be placed on Z line of the top row before the array is 
pulsed. But this is not possible in the registerless operation of the 
array. Third, if the words in the file are read out in order, smallest 
to largest, by entering repeatedly Max from the top, the array is left 
full of 1's at the end. Now it is not possible either to clear the file 
or to enter a new word in the file. These observations indicate a dis- 
tinct disadvantage in the registerless operation of Kautz's array over 
our array. 
5) Sorting over a set of digits (called the key position) is straight 
forward. The array is augmented by vertical lines bussed along the 
columns of the array. These lines are fed from the outputs of a 
mask register. The complete array with mask register, the basic cell 
and its logical equations are shown in fig. 38. The comparison is 
inhibited in all the columns whenever m=0. The key position is first 
selected by appropriately setting the mask register. The array is then 
cycled approximately M/2 times to sort the file of M words to the key 
‘position. If the key position is changed, resorting can be accomplished 
by executing the sorting cycle repeatedly. Unlike Kautz's array, no 


left-most digits (tag digits) are reserved to indicate the re-sorting 
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Status. Furthermore, no additional circuitry for the left-most column 
and programming of the register etc. is required. 
7) The array may also be employed for various other purposes having 
nothing to do with sorting. A possible arrangement to incorporate 
some additional facilities is shown in fig. 39. A bidirectional 
address register W, a gating network and two flip-flops Pa and Po 
are used external to the array. The logical equations for a typical 
cell in the gating network are also given in the same figure. The 


flip-flops P, and P, define four modes shown in Table 7. 
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FIG. 38. CELLULAR SORTING ARRAY WITH MASK REGISTER 
(a) THE MAIN ARRAY 
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Fig. 38(b) (Continued). 


The cell logic equations are 
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In the above equations yz (t) and Yory (ttl), where y(t) repre- 


sents the state of the flip-flop at time t. GC is che clock. 
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TYPICAL CELL IN THE GATING NETWORK: 
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FIG. 39. SORTING ARRAY AND ADDRESSED MEMORY 
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Table 7 


Four Modes in the Rectangular Sorting Array 


State of the Mode Interconnection Code in 
Flip-Flops any Row 
Be ie 
sf Pe Cy Cy Cr 
6 5 4 
0 0 Sorting C C C 
oT ob oe 
0 i. Push Down 0 ik 0 
M 0 Push Up uf 0 0 
1 if Addressing 2 i W 


When PL=P,=0, the array behaves normally as already discussed. 
The lines (6), (5) and (4) of any row are connected through the gating 
network to the respective lines (1), (2) and (3) of the same row. This 
particular mode is termed the sorting mode (Table 7). 

When Pi =Po=1, the lines (6) and (5) of all the rows are connec- 
ted to the logical signal 1. The line (4) of any row is connected to 
the output of the corresponding flip-flop in the address register W. 
Thus, the interconnection code in any row can be 110 or 111. We will 
later discuss how this mode can be used to address a particular posi- 
tion in the file. 


When P,=0 and P,=1, the interconnection code in any row is 010. 


2 
In this mode the file has the capability of shifting downward. 


When Pipl and P,=0; the interconnection code in any row is 100. 


If the array is pulsed in this mode, the complete file is pushed up 
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through one position. 


A. Addressed Memory 


If the flip-flops Py and Po are set to | thesarray is ceturo 
the addressing mode. Any position in the file can now be addressed by 
appropriately setting the address register W. The interconnection code 
in any row is 110 or 111 depending upon the output of the corresponding 
flip-flop in the address register W. The interconnection code 110 in a 
row allows the transfer of a word from top to bottom and bottom to top. 
If the interconnection code is 111, the number fed from the top appears 
at the input of the corresponding register while the word already stored 
in the register is bussed to the z-lines. This is the reason for par- 
ticular entries in the output functions for the interconnection code 111 
(Taple oO) . Thus the interconnection code 111 in a row represents the 
addressed position. To insert a word in a particular position in the 
file, the corresponding flip-flop in the register Wis set to 1 and the 
other flip-flops are set to 0. The word is fed from the top. It passes 
through all the rows and appears at the addressed position in the file. 
The word already stored there is bussed to the z-lines. It passes 
through all the rows and, finally, exits from the top edge of the 
array. On occurrence of the clock pulse, the word is inserted in the 
addressed position while the number already stored there is read out 
from the top edge of the array. In this way, a number of words can be 
inserted to the addressed positions. If desired, the file can then be 


sorted by executing the sorting cycle repeatedly. 
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poee Us odown Memory, 


The array may be employed as a pushdown memory (last in - first 
out). To enter the word, set P=0 and Po=l, and pulse the array. The 
complete file is moved down through one position and the new word fed 
from the top edge is inserted in the first row. To read out the word, 
set Piel and Pi=0, and pulse the array. The complete file is pushed up 
through one position. The word last fed in is read out from the top 


edge of the array, 


C. Buffer Memory 

To use the array as a buffer memory (first in - first out), a 
single 1 is placed in the address register W (initially in row 1) to 
address the row where the next word should be inserted. To enter the 
words, the array is set to the addressing mode by setting Pi=P=l. 
The address register W is shifted one row downward after each entry. 
To read out the next word, set Pil, P,=0 and pulse the array. The 
desired word is read out from the top edge. During each read out 


cycle, the address register W is shifted up through one position. 


4.3 Fault-Testing 

A major problem faced by logical designers of LSI circuitry is 
that of fault testing. In this section, we will first describe a proced- 
ure to test the array assuming no failures and then the consequences 
of failures [25]. For simplicity, we will make some assumptions. 
First, all failures which occur are constant with time. Second, only 


one cell in any column of the array is faulty. Third, the feedback 
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80 
lines can be disconnected and the interconnection code in any row can 
be controlled separately. Finally, no buses or interconnections have 
failed. In the following procedure, the input words Xr and Zy are 


assumed to have values Max (11----1) and Min (00----0). It can be 


easily shown that this reduces the number of tests required to detect 


and locate the fault. 


Step 1: Set the interconnection code 110 in all the rows. This allows 
transfer of words from top to bottom and bottom to top in any 
row. Successively apply the four possible combinations of in- 


put words X, and Z. and observe the outputs X, and Z The 


I I 0 0° 


outputs Xp and Zo correspond correctly to the inputs X_ and Zr 


fl 
respectively if all the cells are functioning properly for this 


interconnection code. 


Step 2: To test the i-th row, change its interconnection code to 1ll. 
Set Xj) =Min and pulse the array. This inserts Min in the i-th 


row. 


Step 3: Set a particular interconnection code for the i-th row. Vary 


the input words X, and Zs» and observe the outputs X, and Z 


iS O 0’ 


and the carries generated in the left-most cell of the i-th 


row. Repeat the test for other interconnection codes. 


Step 4: Change the interconnection code of i-th row to lll. Set 


X,=Max and pulse the array. This inserts Max in the i-th row. 


Repeat Step 3. 
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Step 5: Repeat steps 2, 3 and 4 as above, one row at a time until the 


complete array is tested. 


In the absence of failures, the observed outputs will corres- 
pond exactly to the predetermined correct outputs. If we observe an 
incorrect output from a cell, we conclude that either the cell is 
faulty or it has received an incorrect input. For example, in Step 1, 


assume that the output word X, does not correspond correctly to the in- 


O 


put word Xy atiJ—-th bit. To locate the taulty cell, first change the 


interconnection code of the first row to 001, vary the input words Xr 


and Zs> and observe the output words Xo and Zo: The conclusion can be 
drawn from Table 8. 


TABLE 8 


Fault-detection in the Rectangular Sorting Array 


Possible 


Conclusion 
: Faults 


Switch 


(ay EeCOPTeCE : Correct Cell (15 Jes) faulty Switch Sy 
{ 
(b) Correct | Incorrect Celle (ise tsgeauLly Switch Sy and 
Switch S3 
(e)- Incorrect Ge Correct iNabioagerednll (O.Gy ID pebUh ts Ser 
2----2 can be faulty. 
Z is the number of 
rows in the array. 
(d) Incorrect Incorrect Cell (liJjp as, cauLey: Switch Ss, and 


If case (c) of Table 8 is observed, change the interconnection 


code of 2nd row to 001 and that of first rowto 110. Once again, vary 


the input words xy and Zs» and observe the outputs Xo and Zo: The con- 


clusion now follows from Table 9. 
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TABLE 9 


Fault-detection in the Rectangular Sorting Array 


Xo Zo | C : ; 


onclusions Possible Faults 


Correct 


| 
Correct | Cell (1,3) is pertecr Switch sy 
| (but cell (2,J)° 1s 
| faulty | 
(by) Correct Tncorrect ¢ (Celle (l.J) oreceld | Switch S” in cell 
bat? 8). 1s faulty Wy i 1) eoreswitehes 
| 1 
| ; and Switch 8, in 
Ge hles(2 23) 
(c) Incorrect Correct | Any cell (x,J), x=2, | ----- 


3----2 can be faulty 


(d) Incorrect Incorrect 


Cell (2,J) is faulty | Switch 8, and 
Switch S3 


If case (c) of Table 9 is observed, the test procedure continues 
for subsequent rows. If case (b) is observed, it is possible to carry 
out an alternative procedure to locate which of the two cells is faulty. 
First change the interconnection code of the second row to O11. Set 
Z.=Min and pulse the array. This inserts Min in the second row. Now 


I 

set X,=Min and observe the carries generated from the left-most cell of 
the second row. If all carries are O's, then the top input to the J-th 
cell of the second row is not stuck at 1. To insert Max in the second 
row, set Z,-Max and pulse the array. Now change X,=Max and observe the 
carries generated from the left-most cell of the second row. If all 
carries are 0's, then the top input to the J-th cell of the second row 
is not stuck at 0. If the carries generated in both the cases are cor- 


rect, we must conclude that switch Sy in celle (190 eis functioning 


properly. 
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A similar procedure can be developed to locate the fault weit 
detected, while carrying out step 3 or 4. To locate the faulty major- 
ity gate, the input words Xp and Zs must be varied from Max to Min 


continuously. 


4.4 <A Cubic Sorting Array 


One of the simplest version of the basic array is a three- 
dimensional cellular array in which sorting can be accomplished in the 
space-domain. Fig. 4Q illustrates (a) one plane of the array and (b) a 
typical cell and its logical equations. The inputs to the first plane 
represent the file of words to be sorted while the inputs to the top 
and bottom edges of all planes are permanently connected to Max 
(11----1) and Min (00----0). The words are partially sorted at each 
plane. The partially ordered file of words penetrates through the 
plane and falls on the next plane. The ordered file of words is re- 
ceived from the other side of the cubic array. Similar to the 
Theorems(1) and (2), it is easier to show that one plane can deter- 
mine the largest and the smallest of the given file, and K planes can 


sh a apes 


sort a file of M numbers; where K=M/2 if M is even and K 


odd. 


Note that the network of the cubic array consists of only com- 


binational circuitry. We will now show how the cubic array or a plane 
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of the array can be used to realize a set of combinational switching 
functions. A possible arrangement for realizing perunctions: Ome k 
variables is shown in Fig. 41. The left K-inputs in any row are the K 
literals X1oX5 wenn X representing the min-term XX ---- Hoy de- 
notes X, Or X° The right p inputs in the same row are the binary 
digits representing the outputs of p functions corresponding to this 
min-term. Thus the array will have dimensions (P4K) x2*, The bound- 
ary inputs to the top and bottom edges of the array is the minimum 
possible number (00----0). For any input combination of K variables, 
the first K inputs of some row will be all 1. The word in that row 
will then be the largest in the file. The sorting capabilities of 
the array will carry this number to the top edge. The right p bits 
of this number represent the outputs for p functions corresponding to 
the present input combination of variables. Thus to realize p func- 
tions fit Terr. we need to find the vertices contained in each 


2 


function. ‘The input ~to the (1,Kh))th cell as 1 if “and only 1 the tunc— 


ELON fy contains the vertex xy aoe » where 
K K-2 
Lie 1 +p. Cr wy 
1=1 
and Cc, ou 1,x, = x4 
OX, = xy 
The output leads for the functions eae ae eS are shown in 


_ Fig. 41. 
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4.5 Cell Complexity Versus the Array Size 


Some complex-cell sorting arrays can be developed on the same 
concept of feedback. The total array size for sorting a set of num- 
bers can be reduced by increasing the complexity of the cell and inter- 
connection structure. We will illustrate this phenomenon with the 
help of some examples. 

Fig. 42 illustrates a sorting array, its basic cell and logical 
equations. Once again the individual cells of the array are identical 
and contain only combinational logic. Note that there are four nunm- 
bers which are compared in each cell and this can be interpreted as the 
complexity of the cell. An upper bound to the number of cells needed 
to sort a file tof M numbers-is Fa x isl. [n] denotes the smallest 
integer larger than or equal to n. Fig. 43 displays signal flow in 


such an array. 


A rectangular sorting array analogus to the one developed in 
section 11 can be easily derived. Each row in the array will store 
two words. The equi-weighted digits of the words will be represented 
by stwouLiip-flops inva cell. The comparison of four numbers in pairs 
will require six horizontal lines running from right to left. The six 
bits of the interconnection code will be carried by additional six 
horizontal lines. Interesting properties of the array can be devised 
by ingenious designers. 

Instead of increasing the horizontal lines, one could add ver- 
tical lines and develop a number of different sorting arrays on the 


same concept. Fig. 44 displays a sorting array, its basic cell and 
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the cell logic equations. While five numbers are compared in each 
cell, the number of cells needed to sort a file of M words is at most 
Mx [M/4]. The array can be easily converted to a rectangular sorting 


array in which sorting can be accomplished in the time-domain. 


In general, if there are n horizontal lines and p vertical 


lines, then an upper bound to the number of cells needed to sort a 
M 
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CHAPTER 5 
CONCLUSIONS 


In this thesis we have presented some cellular arrays for the 
Synthesis of combinational switching functions and synchronous sequen- 
tial machines. The properties of the array are comparable to those of 
some other cellular structures. The edge fed arrays seem to be the 
simplest and most versatile structures and attractive for implementa- 
tion on LSI. The edge fed universal logic array for four variables 
developed in the second chapter is really very efficient. It requires 
only eight cells (the additional cell is only used as a buffer cell) 
and, more-over, the number of inputs to the array approaches to that 
of Muller and Preparata’s ULM [28]. The cubic array can be used to 
realize a set of combinational switching functions. It leads to 
higher packing density in comparison to that of other arrays. With 
respect to the realization of synchronous sequential machines, the 
array enjoys a simple unique cell structure and uniform interconnec- 
tions. Finally, the array can be used as an interconnection network 
or a crossbar switch [29]. The sorting array presented in the last 
chapter could find application in any computing system in which sort- 
ing capability is desired. 

In future research on combinational and sequential cellular 
structures, it will be important to design universal logic arrays 
which optimize a set of design parameters. Some of these parameters 
have already been listed in Chapter 2. The research so far has failed 
to produce efficient arrays. Intutively, it appears that there exists 
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some sort of trade-off between the growth rate and the number of cut- 
point inputs per cell. Consideration should be given in future research 
to develop cellular arrays that have more inputs per cell. Such arrays, 
with suitable synthesis algoritham, can be expected to be much more 
efficient than the present ones. With the advent of microminature 
monolithic integrated circuits, it appears that in future generations 
of microelectronic devices each cell will be fabricated on an ex- 
tremely small area of the substrate. Thus it will be very costly to 
implement cutpoint operation for each cell. In future research, it 
is deemed desirable to develop efficient edge fed universal logic 


arrays. 


In further research, techniques should be developed for the 
synthesis of a set of combinational switching functions on a cellular 
array. Such an array with unit delays (external to the array) can be 
used to realize an arbitrary synchronous sequential machine. Minimi- 
zation of the size of these arrays based on proper state assignment is 
a problem worthy of investigation. 

In this thesis we were mainly concerned with combinational and 
sequential cellular structures. However, cellular arrays can be de- 
signed for various other functions such as arithmatic, error correct- 


ing, pulse generating, counting and analog circuitry. 
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